Abstract: Electrical properties of a set of lithium-ion conducting sulfide glasses with general formula 20LiI-xGa 2 S 3 -(80-x)GeS 2 (x = 10, 15 and 20) is studied in the present article. The experimental data obtained using impedance spectroscopy are analyzed by means of a random-walk (RW) model assuming that the conduction takes place by a random motion of Li + ions. The influences of added gallium on the structural network and on the conductivity of prepared glasses are also analyzed using the RW model. The results are further confirmed by Raman spectral analysis. The results obtained by the random-walk model and by a conventional equivalent electric circuit model are in a good agreement. We observed that the addition of Ga 2 S 3 contributed to phase separation in the prepared glassy system and negatively influenced the conductivity of the studied glasses. Factors contributing to the total conductivity with respect to the amount of both LiI and Ga 2 S 3 are also reported.
Introduction
Chalcogenide glasses (CGs) have many interesting properties such as IR transparency, high nonlinear refractive index, high thermal expansion coefficient compared to oxide glasses [1] . Chalcogenide glasses due to their interesting properties makes them suitable candidates in the field of thermal imaging, night vision, lasers, phase change memories, programmable metallization cell, waveguides, optical fibers, solid state batteries, optical switching, etc. [1, 2] . Chalcogenide glasses doped with monovalent ions such as Li, Na, Ag, Cu or their compounds (i.e., Li 2 S, AgI, Cu 2 S, or LiI) can act as ionic conductors (IC) or even fast ionic conductors (FIC) having conductivity σ > 10 -7 S cm -1 [3, 4] . The ionic conductivity and current power density of chalcogenide glasses are higher than their crystalline as well as oxide counterparts, which makes CGs suitable candidates for solid state electrolytes [5] . These solid electrolytes have many potential applications in the area of energy conversion systems such as photo-electrochemical (PEC) solar cells and fuel cells, in energy storage devices like solid state batteries/micro batteries and in other technological applications and many electrochemical devices [6] .
Li-doped CGs are one of the best known solid electrolytes [7, 8] . Even though there is still wide scope to develop current lithium ion batteries. Since CGs have broad compositional flexibility, the current Li-matrix as well as the amount of Li in the matrix can be further improved by changing the chemical composition of the matrix [9] . As mentioned by Saienga and Martin [10] , the CGs glasses found to have the highest conductivity are those that have been doped with the highest fraction of the total modifier, e.g., either Ag 2 S, Li 2 S or AgI, LiI, or both. At the same time it was also noticed that the glass transition temperature (T g ) and crystallization temperature (T c ) rapidly decreased compared to host glasses which reduces the overall glass stability. Indeed the highest conductivity is often observed at the limit of the glass-forming range and therefore it is ambiguous if the increase of conductivity is from pure glassy matrix or from glass-ceramics phase. Thus, to improve the limit of modifier as well as glass stability, researcher generally uses refractory modifier/material (which themselves will not make glass but the addition of these materials generally increases the T g as well as T c of the main glassy matrix). In our current study we used Ga 2 S 3 as a refractory modifier [10, 11] .
Even though there are number of ion conducting glasses developed from the chance discovery by Kunze in 1973 [12] , still the exact mechanism of ion conduction and quantitative explanation about dynamics of ions have not been studied. The study of the dynamics of such mobile ion and diffusion coefficient are extremely important for understanding the ion conduction mechanism in order to link it with the structure, the dynamics of ions and macro/microscopic properties of such solid state electrolytes [13] .
The electrical properties and dynamics of such solid electrolytes are usually studied by impedance spectroscopy (IS). The IS data analysis was customarily done by a conventional equivalent electric circuit (EEC) method. This method is the most popular, easy to analyze and readily provides the values of the conductivity. Nevertheless there are some limitations and drawbacks of the EEC method [14, 15] , as given below: i) two differently arranged equivalent circuits can give the same response, which creates ambiguity on the results obtained by the EEC method ii) there is no specific rule for the selection of correct EEC, it is purely empirical iii) the EEC method does not give information about the number of mobile ions (N ions ), or diffusion coefficient (D) quantitatively
To optimize the electric properties of the ion-conductive materials, it is important to understand the dynamics of mobile ions. To overcome the above mentioned limitations of the EEC method and understand the dynamics of mobile ions, we have developed recently a way of IS data analysis called a random-walk (RW) model [16] [17] [18] . The RW model can give the physical parameters such as number of mobile ions (N ions ), diffusion coefficient (D), and maximum hopping time of ions (τ max ) in the bulk properties of the material and at the electrode interface quantitatively without using any EEC. The motivation behind the present article is to analyze the effect of addition of LiI and Ga 2 S 3 to the GeS 2 glassy matrix on the ionic conductivity behavior by using the RW model and also to correlate the obtained physical parameters to the glassy phases with the help of Raman spectroscopy.
Experimental
High purity elements (Ga 6 N, Ge 5 N and S 5 N) and LiI (4 N) were weighed in an appropriate amount and placed in quartz ampoules. Due to its high hygroscopic nature of LiI, all operations were done in a glove box (Labmaster 100) filled with dry N 2 gas, when necessary. The quartz ampoules were washed in advance with aqua regia and distilled water and dried in oven at 150 °C. The raw elements loaded ampoules were evacuated to 10 -3 mbar and sealed. The sealed ampoules were kept in a rocking furnace heated slowly up to 970 °C and maintained at this temperature for 24 h to get homogeneous mixture of final glassy matrix. After 24 h the ampoules were quenched in air for few minutes. The quenched ampoules were annealed for 3 h at 20 °C below T g to reduce strain. Three samples of 20LiI-xGa 2 S 3 -(80-x)GeS 2 at x = 10, 15 and 20 were prepared from the above procedure.
The basic characterization such as XRD, thermal analysis DSC, etc. were already published previously [4] . For the electrical study, the prepared samples were cuts into pieces and polished on SiC sandpaper. The samples were shaped into rectangular blocks having thickness L = 0.15 cm and electrode surface area A = 0.42 cm 2 . The both sides of the samples were sputtered with platinum to ensure a good electrical contact between the measuring cell and the sample. Impedance measurements were carried out on Auto-lab PGSTAT12 equipped with a FRA2 module. The input capacitance and impedance of the instrument are lower than 8 pF and higher than 100 GΩ. The measurements were carried out in the frequency range from 0.1 Hz to 1 MHz and the temperature varied from 263 K to 343 K (temperature was controlled by Julabo MC-4 heating circulator) with the signal amplitude of 100 mV.
The IS data were obtained as a dependence of real (Z 1 ) and imaginary (Z 2 ) parts of impedance on frequency f. In the RW model these Z 1 , Z 2 data were converted into a complex resistivity, ρ 1 and ρ 2 , where ρ 1 and ρ 2 are the real and imaginary parts of the resistivity, respectively, by multiplying surface area of electrode (A) and dividing electrode separation length (L) (i.e., and
In the further calculations, the dependence of σ 1 and σ 2 on angular frequency ω (ω = 2πf) was used.
Results
The electrical properties of the studied set of glasses by conventional EEC approach were already described and are given in Ref. [4] . Therefore, in the present article we will analyze the IS data using the RW model and the obtained results will be compared with the results obtained by the EEC method. The details about the RW model, how it works, and mathematical basics were published in our previous articles [15] [16] [17] [18] . The complex resistivity plot for the glasses at x = 10, 15 and 20 is shown in Fig. 1 . The obtained curves have a shape typical for an ionic conductor consisting of a semicircle and a tail, where the semicircle represents bulk properties of the sample and the tail represents electrode polarization phenomena. The open symbols indicate the experimental data. The solid lines were calculated by the RW model fitting. The resistivity is lowest for 20 % of the Ga 2 S 3 and the highest for 15 % of the Ga 2 S 3 .
In the σ 1 and σ 2 vs. ω plots ( Fig. 2a and b) , the open symbols are experimental data obtained using eq. 1; the solid lines are the RW fits. As is obvious from Fig. 2a , we can divide the data into three regions: a low-frequency electrode polarization region (ω < 10 2 Hz), a mid-frequency region (frequency independent ω ≈ 10 2 -10 5 Hz) and a high-frequency region (scaling behavior ω > 10 5 Hz). The decrease of conductivity in the low-frequency region of Fig. 2a is due to the electrode polarization which occurs at the interface between the sample and the electrodes due to the accumulation of charge carriers (in this case Li + ions). From comparison with the Ag-doped glasses studied previously, we observed that the electrode polarization is shifted towards the lower frequencies more than one order of magnitude [18] . The electrode polarization phenomenon gives a hump in the low frequency region in the σ 2 vs ω plot [17] . Therefore this hump was expected to be seen also in our case in Fig. 2b , but it was not observed in the measured frequency range. It seems that it is shifted to much lower frequency (outside the measured frequency scale).
In the mid-frequency region the value of conductivity σ 1 is practically frequency independent and corresponds to the bulk dc conductivity σ(0) of the material. This dc conductivity σ(0) is lowest for the sample with 15 % of Ga 2 S 3 and highest for 20 % of Ga 2 S 3 .
The increase of conductivity σ 1 shown in Fig. 2a in the high-frequency region is due to the contribution of random motion of the ions to the conductivity. This high-frequency region (10 5 Hz) is shifted to lower frequencies by one order of magnitude in comparison with Ag-doped chalcogenide glasses (where this highfrequency region is around 10 6 Hz) [18] . The solid lines in both Fig. 2a and 2b represent the RW fitting. The fitting shown in both Fig. 2a and 2b is the best fit by RW model. The RW model fits reasonably the σ 1 data (Fig. 2a) , but in the σ 2 vs ω plot (Fig. 2b) we can observe the deviation of the fit from the experimental data, especially in the frequency range of 10 1 -10 4 Hz. Note that σ 2 is in principle, sensitive to the capacitive (charge accumulation) nature, while σ 1 is not. As mentioned earlier, the electrode polarization is shifted to lower frequencies, this shifting of the electrode polarization and the deviation of the RW model fitting is probably due to a phase separation in the studied samples. This phase separation affects predominantly the σ 2 vs ω dependence as it indicates a capacitive behavior of grain boundaries (GBs) of the phase separated region in the bulk. The phase separation and cause of the phase separation will be explained on the basis of the Raman analysis in the following section.
The dependence of dc conductivity σ(0) of the bulk on the amount of Ga 2 S 3 is shown in Fig. 3 , where the solid line represents the guideline for eye. The values obtained by the RW approach are almost the same as those obtained by the EEC approach [4] (shown in Fig. 3 as crosses) for these glasses.
The conductivity of all three samples with composition 20LiI-xGa 2 S 3 -(80-x)GeS 2 (where x = 10, 15 and 20) were further studied as a function of temperature. The σ 1 and σ 2 vs ω plots for the 20LiI-10Ga 2 S 3 -70GeS 2 sample are shown in Fig. 4 .
From Fig. 4a , we can observe that the dc conductivity σ(0) increases with increasing temperature in the whole measured temperature range. As it is obvious from Fig. 4a and 4b, the temperature dependence for the 20LiI-10Ga 2 S 3 -70GeS 2 sample can be divided into two groups: a low-temperature one from 263 to 283 K and a high-temperature one between 303 and 343 K. These groups differ in their behavior especially in the lowfrequency region.
As can be seen in Fig. 4a , the electrode polarization in the low-temperature group occurs at around the frequency of 10 1 -10 2 Hz but for the high-temperature group this electrode polarization is shifted to lower frequency values, 10 0 -10 1 Hz. The shift of this electrode polarization can be also seen in the σ 2 vs ω plot and is indicated by arrows both in Fig. 4a and 4b .
The obtained data shown in Fig. 4a and 4b were fitted using the RW model and the obtained fittings are shown in Fig. 4c (for the sake of clarity the fitting is shown only for 273 K and 343 K). While we are able to fit the conductivity data in the low-temperature data group (exemplified in Fig. 4a and 4b for 273 K) quite reasonably, the fitting fails for the measurements done at higher temperatures (303-343 K). The deviation in the RW fitting is pronounced especially in the σ 2 vs ω plot. As discussed earlier, such shifting of the electrode polarization region and deviation of the RW model fitting from the experimental data in the frequency range ≈ 10 1 -10 4 Hz may be due to the nanophase separation and its capacitive nature of GBs. Such deviation in fitting and shift of electrode polarization occurs for T ≥ 303 K in 20LiI-10Ga 2 S 3 -70GeS 2 as seen in Figs. 4a-4c. It means that the phase separation is activated at higher temperature and the minimum temperature required for it in the studied sample is around 303 K. Similar kind of behavior, i.e., the shift of electrode polarization and the deviation in the RW fitting with the experimental data for T ≥ 303 K, is observed in the case of the 20LiI-15Ga 2 S 3 -65GeS 2 glass as shown in Fig. 4d . In the case of the 20LiI-20Ga 2 S 3 -60GeS 2 chalcogenide glass, such deviation in fitting as well as the shift of the electrode polarization occurs for the whole measured temperature range, i.e., from 263 K to 343 K, as shown in Fig. 4e . We suppose that this change in the behavior might be caused by a different role which plays the amount of Ga 2 S 3 in the sample with 20 % of Ga 2 S 3 and in the other samples. This different role of Ga 2 S 3 was also confirmed by Raman analysis and will be discussed later.
The dc conductivity σ(0) was calculated from the constant plateau in the mid-frequency region of the σ 1 vs ω dependence for all three studied samples and was plotted against the reciprocal of temperature as shown in Fig. 5 .
The temperature dependences of σ(0) for all three compositions follow the Arrhenius law
where σ 0 is the pre-exponential factor. The values of σ(0) at 303 K and E a are given in Table 1 . As follows from Table 1 , the conductivity is lowest at 15 % of Ga 2 S 3 and highest for 20 % of Ga 2 S 3 , with the activation energy highest for the sample with 15 % of Ga 2 S 3 . This observation is contradictory to the studies of other authors [10, 11, 19] , claiming that the addition of Ga 2 S 3 increases ionic conductivity. Even though their claim for the reduction of non-bridging sulfurs (NBSs) in host GeS 2 matrix with the addition of Ga 2 S 3 is true, the authors did not take into account a case when a phase separation occurs. In our opinion, the phase separation plays a predominant role in the reduction of ionic conductivity when going from 10 to 15 % of Ga 2 S 3 ; further addition of Ga 2 S 3 increases the conductivity even though there is still a phase separation observed from the impedance analysis. This may be due to, as we mentioned earlier, the amount of Ga 2 S 3 playing different role in the host matrix above and below the 15 % of Ga 2 S 3 .
The values of σ(0) and E a calculated by the RW model are in a good agreement with the values obtained using the EEC method given in Ref. [4] .
Potentiostatic chronoamperometry
To confirm the contribution of the electronic (holes) transport number to the total conductivity, the potentiostatic chronoamperometry method was used as described below [4] . For this measurement, the same samples which were used in the impedance spectroscopy were also used for this purpose with sputtered platinum electrodes blocking for the Li + ions. The same apparatus Autolab PGStat 12, which was used for the impedance measurements with the same cylindrical measuring cell was used. The applied voltage was 0.1 V. The dependence of current on time was recorded for each sample at 303 K and 333 K until the state close to equilibrium was reached. The obtained data for 20LiI-10Ga 2 S 3 -70GeS 2 at 303K is shown in Fig. 6 as a case example.
The dc potentiostatic conductivity (σ dcp ) was then calculated from the steady-state current I ∞ (at time t→∞) according to the following equation:
where U is the applied voltage, A is the area of the electrodes and l is the distance between them. When the electrode are blocking for ions (as in our case) this σ dcp represents an electronic conductivity of the measured sample. The electronic conductivity contribution was then determined as a ratio of σ dcp /σ dc , where σ dc is the conductivity obtained by the impedance spectroscopy and represents the sum of both electronic and ionic conductivity. 
Discussion
From RW fitting shown in Fig. 4c-4e we calculated the number of mobile ions (N ions ) and the diffusion coefficient in the bulk (D b ) of the material. The obtained physical parameters are shown in Fig. 7a and 7b . Figure 7a and 7b shows the N ions and D b as a function of reciprocal of temperature respectively for 20LiI-xGa 2 S 3 -(80-x)GeS 2 at x = 10, 15 and 20. From Fig. 7a , we can observe that the activation energy of N ions by heating is very small in comparison to D b and the activation energy was found to be ∼ 0.08 eV. Regarding N ions as a function of x, the N ions is highest for 15 % of Ga 2 S 3 . In the case of diffusion coefficient at the bulk (D b ), it is highest for 20 % of Ga 2 S 3 (see Fig. 7b ) and lowest for 15 % of Ga 2 S 3 , which is a trend similar to that of the dc conductivity. The diffusion coefficient D b for all x is thermally activated and can be fitted according to the relation ln D b = lnA -E D /kT (solid line in Fig. 7b ) and the activation energy for all three systems was found to be ∼ 0.3 eV. From this we conclude that the dc conductivity is predominantly influenced by D b , not by N ions . The diffusion coefficient at the interface (D i ) is not discussed here because of the deviation in fitting, which may create ambiguity on the obtained results for the interface. In Figs. 5, 7a and 7b, we observed no significant change with respect to temperature, which we observed in Fig. 4a and 4b . This is because of the capacitive behavior of the phase separated GBs, which does not predominantly affect the bulk properties of the material.
From potentiostatic chronoamperometry measurement we obtained the electronic conductivity contribution to the total conductivity for 20LiI-xGa 2 S 3 -(80-x)GeS 2 glasses at 303 K (shown in Fig. 6 for 20LiI-10Ga 2 S 3 -70GeS 2 as a case example). The electronic conductivity contributions were found to be 3 %, 1.8 % and 7 % for x = 10, 15 and 20, respectively. These electronic conductivity contributions are consistent with the total conductivity as shown in Fig. 3 . We also measured the electronic contribution for 20LiI-20Ga 2 S 3 -60GeS 2 at 333 K as a case example and found it to be 0.1 %. From all these results we can conclude that these glasses at low temperature shows mixed (ionic + electronic) conductivity but at higher temperature they act mainly as an ionic conductor with negligible electronic conductivity.
The Raman spectra of the studied glasses were published in Ref. [4] . In the next part, these spectra in the region from 100 to 600 cm -1 (shown in Fig. 8 ) will be discussed. According to the studies of LiI+Li 2 S+GeS 2 +Ga 2 S 3 and LiI+Li 2 S+GeS 2 +La 2 S 3 glasses by Saienga et al. [10, 11] , the addition of 40 % LiI did not change any spectral peak in the Raman spectra. From this it is concluded that the LiI does not change host matrix network but tends rather to reside in the interstitials of the network. Assuming the same situation in our current study, we can discuss the effect of Ga 2 S 3 on changes of the Raman spectra.
We can divide the Raman spectra of 20LiI-xGa 2 S 3 -(80-x)GeS 2 into three regions: 100-300 cm -1 , 300-400 cm -1 and 400-460 cm -1 . In the first region, the first peak at 236 cm -1 arises from a distorted rocksalt (GeS 1/6 ) 6 nanophase separation [20, 21] and the second peak at 250 cm -1 is due to translational and vibrations motions of the network fragments such as homopolar bond S 3 Ge(Ga)-Ge(Ga)S 3 ethane-like Ge/Ga rich nanophase separation, S 2 GeI 2 , S 3 Ge(GaI), S 3 GaI [4, 20, 21] . In the second region, the most intense peak at 352-345 cm -1 arises from stretching mode of bridging sulfur (BS) from Ge(Ga)-S-Ge(Ga) structural unit of Ge(Ga)S 4 tetrahedra chain. In the third region the peak at 407 cm -1 arises due to the stretching mode of nonbridging sulfur (NBS) from a Ge-S -structural unit [22] . Even though there is a difficulty in differentiating the peaks of Ga and Ge due to a small mass difference between Ge and Ga, we can observe the influence of the Ga concentration on the Raman spectra. Such type study was done by L. Cai in her master thesis [21] , and explained the nanophase separation behavior in xGa 2 S 3 (100-x)GeS 2 glasses. In our case we obtained similar Raman spectral results. This is another confirmation that the addition of LiI does not modify the host matrix. In addition to this, Cai also observed that 17 % of Ga 2 S 3 is the threshold concentration for the formation of S 3 Ge (Ga) -Ge(Ga)S 3 ethane-like Ge rich nanophase separation, due to the delivering of S to Ga 2 S 3 additives for the formation of Ga(S 1/2 ) 4 tetrahedral unit, considering the following chemical reaction
Ge S S.
This released sulfur consumes the additive Ga 2 S 3 and forms the tetrahedral Ga(S 1/2 ) 4 unit by the following way
Ga S S 2 GaS .
These results are in a good agreement with our Raman data, where peaks at 236 cm -1 and 250 cm -1 are due to the Ge rich (sulfur deficient) nanophase, as can be observed in Fig. 8 .
On further addition of Ga 2 S 3 , i.e., above 17 %, Ga 2 S 3 (in our case 20LiI-20Ga 2 S 3 -60GeS 2 ) starts to leach out from the structural unit and forms a Ga rich (sulfur deficient) Ga S phase, since the Ga 2 S 3 nanophase is unstable and gives a peak at 265 cm -1 instead of 250 cm -1 , assuming the following reaction,
Ga S 2 GaS S.
The sulfur released in the above equation is reabsorbed by the GeS/Ge 2 S 3 nanophase which is created by addition of Ga 2 S 3 upto 17 %, forms stable tetrahedral structure GeS 2 makes uniform bulk phase as shown in eq. 6 2 3 2 GeS/Ge S S GeS . + →
Both eqs. 5 and 6 were further confirmed from new additional peak arising at 265 cm -1 due to GaS nanophase and a disappearance of the peaks at 236 cm -1 as well as at 255 cm -1 which corresponds to GeS and GeS 2 nanophase respectively. All these results exactly agree with the Raman data which were obtained for the present set of glasses [20, 21, 23] . In addition to these there are other changes occurring in other peaks, for instance the peak at 352 cm -1 is shifted to a lower frequency of 345 cm -1 . Also intensity of the peak at 407 cm -1 decreases with the increase of the Ga 2 S 3 concentration. The reduction of NBSs with the addition of Ga 2 S 3 is consistent with the observations of Saienga et al. [11] . -with one negative charge [24] . This is consistent with the assumption of reaction shown by eq. 4. The intensity of the peak at 352-345 cm -1 is not influenced by the concentration of Ga 2 S 3 , due to the both edge-sharing tetrahedral Ga(S 1/2 ) 4 and Ge(S 1/2 ) 4 contributing to the peak and occurring as a red shift in the combined peak. The peak at 265 cm -1 and a sudden decrease of the intensity of the peak at 407 cm -1 confirm that by the addition of Ga 2 S 3 above 17 % (in the present case 20 % of Ga 2 S 3 ), Ga 2 S 3 leaches out from structural phase. It means there is no more uniform distribution of Ga 2 S 3 and the Ga rich nanophase separation occurs.
From Raman analysis, it was confirmed that the phase separation occurred in both the cases, i.e., below 17 % of Ga 2 S 3 the Ge rich, i.e., sulfur deficient Ge 2 S 3 nanophase is formed and above 17 % the Ga rich Ga-S nanophase is formed. This is consistent with the results obtained by IS as well as with our findings following from RW fitting. Such type of detection of the phase separation using RW was done up to our knowledge for the first time. From the above discussion we also claim that the phase separation occurs in the studied system as a function of both the concentration of Ga 2 S 3 as well as temperature. Our results are in a good agreement with the results of Cai and we agree that the 17 % of Ga 2 S 3 is the threshold limit for the formation of the Ge 2 S 3 nanophase and that above 17 % there is formation of the GaS nanophase as given in eq. 3 and eq. 5.
From Raman analysis it is also confirmed that the addition of Ga in the first two compositions, Ga forms tetrahedral units in addition there is formation of Ge rich nanophase. It means that, even though addition Ga reducing non briging sulfurs (NBSs) up to threshold limit 17 % (in our case 15 % i.e. 20LiI-15Ga 2 S 3 -65GeS 2 ), at the same time it also reducing numbers of glass former entity (GeS 2 ) in the form of Ge-rich nanophase, which leads to reduce glass forming ability and affect negatively on activation energy (i.e., increases the E a ) of mobile ions. Above this threshold limit addition of further amount of Ga will leached out from the bulk phase and the formation of Ga rich nanophase as shown in eq. 5. We can also observe in eq. 5, at the time of formation of Ga-rich GaS nanophase, there is also formation of the sulfur which will be reabsorbs by Ge-rich nanophase and further mix with bulk phase as shown in eq. 6. This gives the good agreement with the activation energy calculated from impedance data, shows maximum (i.e., minimum conductivity) in the case of 20LiI-15Ga 2 S 3 -65GeS 2 as given in Table 1 .
Different behavior in the case of 20LiI-xGa 2 S 3 -(80-x)GeS 2 for x ≤ 17 % as a function of temperature is shown in Fig. 4a and 4b , can be because of the minimum temperature required to shift NBS from GeS -moiety to Ga 2 S 3 to form GaS 4 tetrahedral unit, i.e., the formation of Ge rich nanophase is around 303 K. At higher temperatures a shift of electrode polarization to lower frequencies occurs. For this confirmation we need to study temperature dependent Raman data, which will be discussed in our future publication.
The low conductivity and nanophase formation in comparison to a LiI+Li 2 S+Ga 2 S 3 +GeS 2 system studied by Saienga et al. [11] , indicates that the addition of Ga 2 S 3 without assisting Li 2 S will have a negative effect on ionic conductivity. The nanophase formation will be also studied and discussed on the basis of other techniques such as SEM, HRTEM, AFM, etc., in our future publication in addition to the full development of the RW model, i.e., considering inhomogeneity of the sample.
Conclusion
We analyzed the 20LiI-xGa 2 S 3 -(80-x)GeS 2 chalcogenide glassy system using the RW model. We calculated physical parameters, such as N ions and D b , which cannot be obtained by conventional EEC approach. We found that the addition of Ga 2 S 3 leads to a nanophase separation and that the RW model is very sensitive to such inhomogeneity in the samples. We also confirmed that 17 % of Ga 2 S 3 in the studied glasses were the threshold limit for the formation of Ge 2 S 3 nanophase and that above 17 % of Ga 2 S 3 there is a formation of a GaS nanophase as given in eq. 3 and eq. 5. It follows from this study that the addition of Ga 2 S 3 without assisting Li 2 S has a negative effect on the conductivity behavior of (GeS 2 ) 100-x LiI x chalcogenide glasses. We claim that this RW model is complementary to EEC approach and more applicable for the analysis of disordered and non-crystalline solid materials.
